ABSTRACT: Green turtles raised in the laboratory widen faster than they lengthen, thus changing in shape from the proportions they show as hatchlings. By doing so, young turtles may sooner achieve a size refuge from their gape-limited predators. In this study, we document that wild juveniles captured at open-water weed lines in the Gulf of Mexico show similarly wider proportions, demonstrating for the first time that this growth pattern occurs in nature. We additionally quantified the shell dimensions of older juveniles that had abandoned weed lines and returned to occupy shallow coastal reefs. Those turtles exhibited a narrower 'hatchling like' body shape. We conclude that juvenile green turtles show a biphasic pattern of initial widening, followed later by a secondary narrowing once they achieve a size that exceeds 25−30 cm in straight-line carapace length. We hypothesize that secondary narrowing may be advantageous for reducing lethal interactions with a different subset of larger predators, those that typically dismember their prey rather than swallow them whole. Finally, we categorize this complex growth pattern as one of several vulnerability traits that promote juvenile turtle survival, and document that they are expressed in different combinations among other marine turtle species.
INTRODUCTION
All marine turtle species are unusually fecund for reptiles, necessitated by high nest and juvenile mortality (Hendrickson 1980 , Bolten 2003 , Heithaus 2013 . These circumstances select for females that invest little in each hatchling but instead invest in large clutches, deposited several times during any one breeding season (van Buskirk & Crowder 1994) . In that respect, sea turtle reproduction resembles the pattern shown by many r-selected marine organisms.
Population models for marine turtles predict that juvenile mortality rates decline with growth (Bolten 2003 , Heppell et al. 2003 . The reasons are difficult to determine because hatchlings and juveniles disperse widely either to continental shelf (flatbacks Natator depressus) or deeper offshore oceanic habitats (all other species ; Bolten 2003) , where their growth patterns, behavioral survival strategies, and interactions with predators are difficult and logistically challenging to study. Green turtle Chelonia mydas hatchlings, for example, exit the nest, crawl to the surf zone, swim offshore for several days, and then forage in association with oceanic weed lines (Witherington et al. 2012 ) before returning, on average after a 3-year 'oceanic' phase, to coastal (neritic) habitats (Bolten 2003 , Avens & Snover 2013 . Hatchlings reared for several months provide insights into their early growth patterns; the turtles widen faster than they lengthen, which results in an elliptically shaped juvenile (Salmon & Scholl 2014) . Doing so may enhance survival by shortening the time required for small turtles to reach a refuge width from their gapelimited predators. This study was inspired by the appearance of older green turtles, captured after they had completed the oceanic phase of development and returned to coastal habitats. These turtles showed dimensions that more closely resembled hatchling proportions than younger elliptical juveniles. Those observations led to the 3 questions we consider in this study. (1) When during ontogeny do older green turtle juveniles adopt a secondary growth trajectory that leads to the 're-narrowing' of their shape? (2) What might be the survival benefit(s) of such a complex growth pattern? (3) How do these morphological changes associated with growth in green turtles compare with other functional traits (characteristics affecting predator−prey interactions; Schmitz 2017) shown by marine turtles species during comparable periods of their development?
MATERIALS AND METHODS

Laboratory-reared turtles
Ten hatchlings were collected from each of 12 green turtle nests (6 nests in 2011; 6 nests in 2012; n = 120 hatchlings) that completed incubation on the beaches of Boca Raton, Florida, USA (26.22°N, 80.07°W). Turtles were maintained at Florida Atlantic University's (FAU) marine laboratory at the Gumbo Limbo Nature Complex for 12−14 wk, where they were individually housed in flow-through plastic containers, floating in seawater-filled tanks. Husbandry details are provided in Salmon & Scholl (2014) .
We marked each hatchling with non-toxic nail polish for nest identification. As hatchlings, and at 1 wk intervals thereafter, their straight-line carapace length (SCL; notch to tip), straight-line carapace width (SCW), and mass (g) were measured using vernier calipers accurate to 0.1 mm. At a mass of approximately 150 g, the turtles were transported by boat about 20 km offshore and released in the Gulf Stream Current.
Wild-caught turtles
Larger juvenile turtles, captured in the wild, were obtained from in-water sites. These included deeper offshore habitats in the Gulf of Mexico, the shallow reefs adjacent to the East Coast of Florida, and the seawater intake canal (cooling water) of a nuclear power plant.
Gulf of Mexico turtles
The pelagic Sargassum seaweed habitat in the northern Gulf of Mexico was surveyed for neonate turtles as part of 2 projects, both undertaken to evaluate the impact of the 2010 Deepwater Horizon oil spill. The first project (Natural Resource Damage Assessment) was initiated between May and September 2011. The second project was completed over a span of several years (between May 2013 and July 2017). During both projects turtles were located from a boat and captured using a dip net. We held turtles briefly to obtain basic measurements (SCL and SCW) and then released them at the capture site. (27.20° N, 80 .14° W), draws in cooling water from the Atlantic Ocean through 3 large pipes (3.9−4.9 m diameter) that extend approximately 300 m offshore. Juvenile turtles often enter the intake pipes and are entrained into the 1500 m long intake canal that transports the cooling water to the power plant. A net, spanning the width of the canal, prevents the turtles from entering the power plant itself. Inwater Research biologists oversee the safe capture and removal of these turtles from the canal, typically within 24−72 h of entrainment, and provide for their safe return to coastal waters. We used data obtained from a normal sample of these turtles (no shark bite injuries or scute growth abnormalities) captured between 2012 and 2016.
Changes in body shape
Body shapes of juvenile green turtles were analyzed by comparing their carapace proportions (length vs. width) to those shown by hatchlings. We used procedures described elsewhere (Salmon & Scholl 2014) , briefly summarized here. We measured the SCL and SCW of the hatchlings captured each year and used them to determine a hatchling ratio (SCW divided by SCL). This ratio was <1, as hatchlings are always longer than they are wide. The SCL of each laboratory-raised or wild-captured turtle was then multiplied by the hatchling ratio. The product was the expected SCW (expSCW), assuming that growing turtles retained their hatchling (SCW:SCL) proportions. The observed SCW (obsSCW) was the value actually measured from the same turtle, repeatedly as it grew.
These measurements were made once weekly and then averaged for the 10 turtles from each nest until they reached an SCL of 10−11 cm. At that size, they were taken offshore and released.
We compared differences between the expected and observed SCW statistically using a 1-sample (repeated measures) t-test (Zar 1999) to determine if the observed and expected sample means came from the same population. If these comparisons revealed no statistically significant differences, we concluded that hatchling proportions were currently maintained by the juvenile turtles. If, however, differences between the 2 means were significant (at p ≤ 0.05), then we concluded that juvenile body shape proportions had changed from a hatchling shape as a consequence of allometric growth.
RESULTS
Hatchling measurements
The 60 hatchlings measured in 2011 averaged 51.0 mm in SCL and 39.1 mm in SCW. The 60 hatchlings measured in 2012 averaged 49.0 mm in SCL and 38.0 mm in SCW. The hatchling ratios for the 2 samples (0.77, 0.78) did not differ statistically (t = 0.70, p = 0.50) and were pooled to yield a ratio of 0.78.
Laboratory-reared turtles
We reared hatchlings until they grew to an SCL of just under 11 cm. Those reared in 2011 took an average of 12.7 wk (n = 76 weekly measurements on 6 nests) to reach 11 cm SCL, whereas those reared in 2012 grew slightly faster, requiring 12.3 wk (n = 74 weekly measurements on 6 additional nests) to reach this length. Both groups widened faster than they increased in length (Fig. 1) . As a consequence, their mean (± SD) observed SCW was significantly greater than their mean expected SCW (obsSCW 2011 = 8.3 ± 2.5, expSCW 2011 = 7.9 ± 2.4, t = 2.6, p < 0.01; obsSCW 2012 = 8.5 ± 2.3, expSCW 2012 = 8.1 ± 2.3, t = 3.35, p < 0.001).
Gulf of Mexico green turtles
We captured 86 turtles that ranged between 13.3 and 26.9 cm in SCL (Fig. 2) . Their mean observed SCW was significantly greater than their mean expected SCW (obsSCW = 15.0 ± 2.4, expSCW = 14.4 ± 2.8, t = 2.35, p < 0.02).
Nearshore reef and power plant green turtles
We captured 42 turtles at the nearshore reef that ranged in size between 26.0 and 59.0 cm in SCL, and 99 turtles from the power plant cooling canal that measured 26.0−64.0 cm in SCL (Fig. 3 ). There were no statistical differences between their observed and expected SCW (nearshore reef: obsSCW = 28.7 ± 7.1, expSCW = 28.1 ± 7.1, t = 0.55, p = 0.29; power plant: obsSCW = 32.5 ± 9.1; expSCW = 31.6 ± 9.1, t = 0.93, p = 0.18).
DISCUSSION
Our data show that after initially widening faster than they lengthen, green turtles revert to a shape that more closely resembles their appearance as hatchlings (Fig. 4) . This secondary reversal in shape occurs at about the time when older juveniles shift from their oceanic phase to the occupancy of neritic coastal habitats (Bolten 2003 ).
An initial widening during early growth has also been documented in 4 other marine turtle species: loggerheads Caretta caretta and Kemp's ridley Lepidochelys kempii (Salmon et al. 2015) ; flatbacks Natator depressus (Salmon et al. 2016) ; leatherbacks Dermochelys coriacea (Pate & Salmon 2017) . However, all these measurements stemmed from laboratory-reared turtles. Their rearing conditions might have induced growth artifacts that could include abnormal changes in body shape. Our data from wild turtles captured in the Gulf of Mexico render this possibility unlikely, as these green turtles also possessed bodies that were proportionally wider than those of conspecific hatchlings.
Our new green turtle data, which included juveniles up to 65 cm in SCL, support the hypothesis that during their early growth the turtles initially widen but later secondarily narrow, presumably through negative allometric growth. What remains unexplained is why such a complex pattern of growth should occur, what selection pressures promote it, and in what way such a reversal in morphology might be advantageous. 
Hypotheses
Body widening, followed by body narrowing, is a conspicuous element of early growth not only in green turtles but also in loggerheads (Kamezaki & Matsui 1997) . In both species, these changes occur when the turtles are young and especially vulnerable to predators (Hendrickson 1980 , Heppell et al. 2003 , Heithaus 2013 , suggesting that changes in shape accompanying growth might have anti-predator, and therefore survival, benefits. Salmon & Scholl (2014) hypothesized that carapace widening during the initial stages of growth might enable a small turtle to achieve a refuge size (proportions that exceed the gape of its predators) more rapidly than a turtle that grew isometrically, retaining its hatchling shape. Why, then, should a somewhat older juvenile turtle narrow its shape once again? We suggest 2 nonexclusive hypotheses that might represent plausible explanations.
One hypothesis is that as a turtle approaches a refuge size from all but the largest of its gape-limited predators (e.g. tunas and mahi-mahi Coryphaena hippurus), those benefits decline. At the same time, a further increase in prey size makes each turtle more profitable (and therefore, more attractive) to larger predators (e.g. sharks; Heithaus et al. 2002 Heithaus et al. , 2008 that subdue prey by injurious attacks that can result in consumption of portions, or the entirety, of a turtle. We hypothesize that selection might then favor an alternative growth strategy, one that emphasizes the allocation of reserves to increases in length as a mechanism for promoting the appearance of a larger turtle. Such a change might also enhance growth rates to a larger size as wide-bodied juveniles initially lengthen and grow into a shape characteris tic of older juveniles. In many species, older and larger juveniles are better able to defend against predators (Werner & Gilliam 1984 , McCoy et al. 2011 , Nakazawa 2017 .
A second possibility is that as the turtles grow larger and become more powerful, faster swimmers, drag forces increase (Vogel 1983 , Schmidt-Nielsen 1984 and may compromise swimming speed and maneuverability. Adopting a proportionally narrower and more fusiform body shape reduces both pressure and frictional drag forces (Hildebrand 1974) . Streamlined shapes are characteristic of hatchling sea turtles (Wyneken 1997) as well as other large animals that move through a viscous medium, especially those that, like all marine turtles, are migratory and travel long distances in search of feeding or breeding grounds (e.g. fishes, Webb 1984; marine mammals, Fish et al. 2008) . For growing juvenile turtles, the energy savings associated with a more streamlined shape could be used to enhance growth rates and increase swimming power, speed and maneuverability, all essential elements associated with the biomechanics of escape (Lima & Dill 1990 , Heithaus et al. 2002 , Moore & Biewener 2015 .
Shape changes and other functional traits
Functional traits are defined as any morphological, behavioral, psychological, or physiological characteristic affecting predator−prey interactions (Schmitz et al. 2015) . Functional traits for predators ('foraging' or 'trophic' traits) determine their ability to capture prey. Functional traits for prey ('vulnerability' traits), such as the juvenile green turtles described in this study, promote their ability to avoid detection by, or (Herrel & Gibb 2006) , categories of evasive or escape behavior (Higham et al. 2016) , and the effects of predator-induced fear on prey behavior (Laundré et al. 2001 , Heithaus et al. 2008 .
We hypothesize that the shape changes we describe for green turtles represent one of several vulnerability traits displayed by marine turtles during early growth. We document others (Fig. 5 ) that vary in their expression but show similarities among related species. For example, carapace widening occurs in all sea turtle species, except the hawksbill Eretmochelys imbricata, which has a narrower body that may fit more easily under reef ledges or into reef crevasses (Salmon et al. 2018 ). Carapace widening is weakly (but significantly) developed in leatherbacks (Pate & Salmon 2017) and is more pronounced in young flatbacks than in young green turtles (Salmon et al. 2016) . It is most strongly expressed in juvenile Kemp's ridley turtles that, from an early age, possess shells that are as wide as they are long (Salmon et al. 2015) , a condition that uniquely persists even in adults (Pritchard 2007) .
Avoiding detection through behavior is also a common functional trait, because small sea turtles are defenseless during the earliest stages of growth (Heithaus 2013) . Once again, expression varies and falls into 3 categories: hiding in flotsam (hawksbills, loggerheads, Kemp's ridleys, green turtles; Carr 1986 Carr , 1987 , hiding in turbid water (flatbacks; Salmon et al. 2016) , and ignoring predators (leatherbacks; Salmon et al. 2004 , Pate & Salmon 2017 see Fig. 5) , with the last category the least studied or understood.
As hatchlings and post-hatchlings, turtles such as hawksbills, loggerheads, and Kemp's ridleys hide in flotsam. These species are closely related (NaroMaciel et al. 2008 ) and apparently have converged on a common behavioral strategy: masquerade (resemblance to an inedible background; Smith & Salmon 2009 ) as a primary defense for avoiding detection. They couple this defense with armoring (imbrication and spination in hawksbills, spination and carapace widening in the other species). When hawksbills, loggerheads, and Kemp's ridleys are threatened, their secondary defense is to freeze in a tuck position (Witherington 2002 , Witherington et al. 2012 ). This combination of traits is consistent with their relatively modest swimming and diving capabilities (Wyneken 1997) .
Green turtles and flatbacks, which are more closely related to one another than to other species of marine turtles (Naro-Maciel et al. 2008) , have converged on a different set of vulnerability trait characters. These emphasize a streamlined shape, smooth shell, high aspect ratio flippers, and impressive locomotor skills even at an early age. Both species, and especially flatbacks, are capable of rapid speed bursts during either horizontal swimming or vertical diving (Wy n eken 1997, Salmon et al. 2004 Salmon et al. , 2010 . They likely use those capa bilities as a secondary response to ward impending threats, with detection avoidance being their primary defense. Small green turtles hide by burrowing into Sargassum mats (anachoresis, hiding by using objects to obscure their appearance; Smith & Salmon 2009 ). Throughout their early ontogeny, flatbacks select turbid coastal shelf waters as nursery areas in Australia and New Guinea (Walker & Parmenter 1990) . Turbidity may reduce probabilities of detection (Wal ker 1991) . Flatbacks also replenish their oxygen supply quickly (Salmon et al. 2010) , presumably to avoid sea eagles Haliaeetus leucogaster that capture them when the turtles surface to breathe (Walker & Parmenter 1990 Masquerade is resemblance (in this instance) to a non-edible object; anachoresis is the use of objects to hide one's appearance (Endler 1986) . Abbreviations: Ei, hawksbill; Cc, loggerheads; Lk, Kemp's ridley; Cm, green turtle; Nd, flatback; Dc, leatherback. See 'Discussion: Shape changes and other functional traits' for further explanation body outline by creating false inside edges. Over a period of several weeks, as the turtles grow, this disruptive color pattern gradually morphs into a uniformly dark carapace (Salmon et al. 2016 ). This change occurs just before the turtles become too large for sea eagles to transport back to their nest for consumption, but as they become more attractive prey to larger underwater predators. Thus, both green turtles (using body shape) and flatbacks (using body color) show ontogenetic changes in morphology that may anticipate shifts in the kinds of predators they will encounter at a larger size.
In conclusion, we determined that during an initial period of juvenile growth, both laboratory-reared and wild-caught green turtles widened faster than they lengthened. This pattern subsequently reverses such that older juveniles revert to a shape that more closely resembles their appearance as hatchlings. The secondary shape reversal occurs close to the time when older juveniles shift from oceanic to coastal habitats. We hypothesize that this complex pattern of shape change is a functional trait that enhances survival probabilities as the turtles grow and become more profitable to a different array of predators. It thus appears that there is surprising flexibility in the development of the shell, perhaps a necessity as this structure must provide some measure of protection to a small turtle that faces many threats to its survival. At the same time, however, sea turtles must also retain a shape that enables rapid and efficient locomotion in a viscous medium. Biphasic allometric growth may be a response to these conflicting demands.
